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The Gram-positive soil bacterium Corynebacterium glutamicum is used industrially as a 39 microbial cell factory for the biotechnological production of amino acids, in particular L-40 glutamate, L-lysine, and proteins (Becker and (Kallscheuer et al., 2016) . Due to its industrial 45 importance, C. glutamicum has become a model organism that is intensively studied with 46 respect to metabolism and regulation (Burkovski, 2008 (Burkovski, , 2015 Eggeling and Bott, 2005 ; 47
Yukawa and Inui, 2013). 48
The second messenger cAMP plays various regulatory roles in different species, with the 49 activation of eukaryotic protein kinase A being a very prominent one (Taylor et al., 1990) . In 50 the bacterial realm cAMP often influences the adaptation to varying environmental conditions 51 via cAMP-dependent gene regulation, with CRP of Escherichia coli representing the most 52 intensively studied example (Kolb et al., 1993) . Additional regulatory functions of cAMP in 53 bacteria are e.g. cAMP-dependent protein lysine acetylation (Nambi et al., 2013) or the 54 modulation of the activity of ion channels (Brams et al., 2014) . In C. glutamicum, the only 55 known function of cAMP so far is as effector of the transcriptional regulator GlxR, which is a 56 homolog of E. coli CRP and thus a member of the CRP/FNR family of transcription factors. 57
GlxR was initially discovered as regulator of the glyoxylate bypass gene aceB (Kim et belong to the COG categories energy production and conversion (C), carbohydrate transport 62 (Keilhauer et al., 1993) supplemented with 30 mg l -1 3,4-dihydroxybenzoate as iron chelator. 114 E. coli was cultivated in LB medium (Sambrook and Russell, 2001 ). Media were 115 supplemented with kanamycin (50 µg ml -1 for E. coli, 25 µg ml -1 for C. glutamicum) or 116 chloramphenicol (10 µg ml -1 ) if appropriate. For growth experiments with C. glutamicum, 117 single colonies were used to inoculate 5 ml 2xTY overnight precultures, which were 118 cultivated for 16-18 h at 170 rpm and 30°C. The cells of the precultures were washed twice 119 with 0.9% (wt/vol) NaCl solution before they were used for the inoculation of 800 µl CGXII 120 main cultures supplemented with the carbon sources indicated in the Results section. Main 121 cultures were inoculated to an optical density at 600 nm (OD 600 ) of 1 and were cultivated in a 122
BioLector microcultivation system (m2p-labs, Baesweiler, Germany) with online 123 measurement of backscatter at 620 nm and eYFP fluorescence (excitation at 510 nm, emission 124 at 532 nm) every 15 minutes. 125 126
Construction of plasmids and deletion mutants 127
All plasmids used in this study are listed in Table 1 . Oligonucleotides and restriction 128 enzymes used for the construction of plasmids and deletion mutants are listed in Table S1 . 129
The correct sequence of all recombinant plasmids was verified by DNA sequencing (MWG 130 Operon, Ebersberg, Germany). For construction of plasmid pSenPcg3195, a 188-bp fragment 131 of the cg3195 promoter was amplified from genomic DNA of C. glutamicum using the 132 oligonucleotide pair Pcg3195-fw-BamHI/Promcg3195-rv-eYFP. The eyfp gene was amplified 133
with the oligonucleotide pair eYFP-fw/eYFP-SpeI-rv from plasmid pEKEx2-eyfp. The two 134 PCR fragments were fused by overlap extension PCR using the oligonucleotide pair 135
Promcg3195-fw-BamHI/eYFP-SpeI-rv. The resulting fusion product and plasmid pJC1-136
venus-term were digested with BamHI and SpeI and ligated to create plasmid pSenPcg3195. 137
The chromosomal deletion of cyaB was performed by allelic exchange using the plasmid 138 pK19mobsacB (Schäfer et al., 1994) as described before (Niebisch and Bott, 2001 ). Flanking 139 regions of the cyaB coding region of about 500 bp were amplified using the two 140 oligonucleotide pairs cyaB_del1/cyaB_del2 and cyaB_del3/cyaB_del4. The flanking regions 141 were fused in an overlap extension PCR with the oligonucleotide pair cyaB_del1/ cyaB_del4 142 and cloned into plasmid pK19mobsacB using the indicated restriction enzymes. The first 143 recombination step into the genome was ensured via selection for kanamycin-resistant clones. 144
For the second recombination step, sucrose-resistant clones were selected. The successful 145 cyaB deletion was confirmed via colony PCR with the oligonucleotide pair 146 cyaB_deltest_fw/cyaB_deltest_rv. 147 148
Fluorescence-activated cell sorting 149
Cells grown in 5 ml 2xTY medium were used to inoculate a 50 ml preculture in CGXII 150 minimal medium with 100 mM glucose and cultivated for approx. 16 h at 130 rpm and 30°C. 151
The cells of this preculture were washed once in 0.9% (wt/vol) NaCl solution and then used to 152 inoculate the main cultures in 500 ml baffled shake flasks containing 50 ml CGXII medium 153 with 100 mM glucose to an OD 600 of 1. The main cultures were incubated at 130 rpm and 154 30°C until the exponential growth phase was reached (approx. 4-5 h). Culture samples were 155 removed from the flasks and diluted in FACS flow buffer (Agilent) to an OD 600 below 0.1 156 prior to FACS analysis using an FACS ARIA II high-speed cell sorter (BD Biosciences, 157
Franklin Lakes, NJ, USA) as described previously (Kortmann et al., 2015) . Mutant cells from 158 1:1 mixtures with wild-type cells were sorted on BHI agar plates using the gates P2 and P3 as 159 indicated in Fig. 5 and Fig. 6 . The BHI plates were incubated at 30°C for at least 24 h before 160 the colonies were tested for deletion of cyaB and cpdA by colony PCR using the 161 
Response of the cAMP biosensor to varying GlxR and cAMP levels 208
The anticipated behavior of the cAMP biosensor for C. glutamicum based on 209 chromosomally encoded GlxR and plasmid pSenPcg3195 is depicted in Fig. 2 : at high cAMP 210 levels, expression of eYFP should be repressed by the GlxR-cAMP complex, whereas at low 211 cAMP levels repression should be relieved. Thus, the cellular levels of both GlxR and cAMP 212 should affect the fluorescence output. The influence of increased GlxR levels was tested using 213 plasmid pXMJ19-glxR carrying glxR under control of the IPTG-inducible tac promoter 214 (Schulte et al., 2017). As shown in Fig. 3A , increasing IPTG concentrations led to reduced 215 growth rates of C. glutamicum wild type carrying pSenPcg3195 and pXMJ19-glxR, but did 216 not influence the final cell density. In the presence of 100 µM IPTG, the specific eYFP 217 fluorescence was reduced by 85% compared to the culture without IPTG ( Fig. 3B and C) , 218 whereas fluorescence output was not altered by IPTG in the control strain carrying pXMJ19 219 instead of pXMJ19-glxR ( Fig. 3B and C) . 220
To analyze the influence of altered cAMP levels, C. glutamicum wild type carrying 221 plasmid pSenPcg3195 was cultivated in CGXII glucose minimal medium supplemented with 222 various cAMP concentrations between 0.01 and 10 mM. As shown in Fig. 3D , the presence of 223 cAMP did not influence the growth behavior, but the specific eYFP fluorescence decreased 224 gradually with increasing cAMP concentrations ( Fig. 3E and F) . The maximal specific 225 fluorescence was reduced to approximately 50% in the presence of 10 mM cAMP, which is 226 about 100-fold higher than the calculated intracellular concentrations (Schulte et al., 2017). 227
The results described above prove that the cAMP biosensor shows the expected behavior to 228 increased GlxR and cAMP levels. 229
During exponential growth, when the expression rate of eYFP was high, a kink in the 230 curve of specific fluorescence was observed, which is assumed to be caused by oxygen 231 limitation ( Fig. 3B and E) . The chromophore of the eYFP protein needs oxygen during 232 maturation (Tsien, 1998) and although the Biolector cultivation system was designed for high 233 oxygen transfer rates, the dissolved oxygen level was found to drop drastically when 234 C. glutamicum grows exponentially in Flower plates and to rise again when the carbon source 235 has been consumed (Unthan et al., 2015). As a consequence, maturation of apo-eYFP is 236 probably hampered during exponential growth, leading to a decrease of the specific 237 fluorescence, and is completed after carbon source consumption, causing an increase of the 238 specific fluorescence in the stationary phase. To address this issue we performed a Biolector 239 experiment in which we reduced the glucose concentration from 100 mM to 50 or 25 mM. To further characterize the functionality of the GlxR-based cAMP biosensor pSenPcg3195, 248 it was tested in the C. glutamicum ∆cyaB and ∆cpdA mutants, which lack the adenylate 249 cyclase CyaB or the cAMP phosphodiesterase CpdA, respectively (Fig. 4) . When cultivated 250 with 100 mM glucose as carbon source, the ∆cyaB mutant showed the same growth behavior 251 as the wild type but had a higher specific eYFP fluorescence throughout the cultivation (Fig.  252 4A and B). The difference was most pronounced during the exponential growth phase (45% 253 higher fluorescence) and diminished in the stationary phase (6% higher fluorescence). This 254 result was in line with the expectation that the lowered cAMP level in the ∆cyaB mutant 255 should result in a weakened repression of the cg3195 promoter by GlxR. As reported before 256 (Schulte et al., 2017), the ∆cpdA mutant showed delayed growth and a reduced growth rate, 257 but reached the same final cell density (Fig. 4A) . The initial specific eYFP fluorescence of the 258 ∆cpdA mutant decreased continuously throughout growth to reach a value of almost zero (Fig.  259   4B) . The values in the exponential and stationary growth phase corresponded to only 41-66% 260 and 6% of the wild-type levels. The ∆cpdA mutant has an increased intracellular cAMP 261 concentration, which apparently causes a very strong repression of the cg3195 promoter by 262
GlxR. 263
In a second series of growth experiments, the two mutants and the wild type carrying the 264 biosensor pSenPcg3195 were cultivated with 100 mM acetate instead of 100 mM glucose. In 265 several previous studies it has been reported that the intracellular cAMP concentration in the 266 wild type is about 4-fold lower on acetate than on glucose (Cha et al., 2010; Kim et al., 2004; 267 Toyoda et al., 2011). Both for the ∆cyaB mutant and the ∆cpdA mutant growth defects were 268 observed during cultivation on acetate (Fig. 4C) . The ∆cyaB strain showed a reduced growth 269 rate and lower maximal cell density, in agreement with a previous report (Cha et al., 2010) . 270
The ∆cpdA mutant showed an increased lag phase and a reduced growth rate, but reached the 271 same cell density as the wild type, in line with our previous results (Schulte et al., 2017). The 272 specific eYFP fluorescence of the wild type decreased continuously during exponential 273 growth, but then rapidly increased to more reach about 230% of the initial level (Fig. 4D)  274 which is probably caused by the temporary lack of oxygen for the eYFP maturation as 275 described above. The specific fluorescence of the ∆cyaB strain increased slightly during the 276 long growth phase and more strongly when the culture had reached the stationary phase ( we first analyzed cells of the wild type, the ∆cyaB mutant, and the ∆cpdA mutant, all carrying 292 the sensor plasmid pSenPcg3195. The strains were cultivated in CGXII minimal medium with 293 100 mM glucose until mid-exponential phase and then used for FACS. 100 000 cells were 294 analyzed for each strain. The scatter plots (Fig. 5, upper The responsiveness of the cAMP biosensor to altered cAMP levels was also confirmed 362 with mutants that are defective in cAMP synthesis or degradation. The absence of adenylate 363 cyclase in the ∆cyaB strain caused moderately increased specific eYFP fluorescence during 364 growth, whereas the absence of the cAMP phosphodiesterase CpdA in the ∆cpdA strain 365 blocked expression of eyfp from the cg3195 promoter so strongly that the specific eYFP 366 fluorescence continuously decreased during cultivation. The observation that the absence of 367
CpdA caused a much stronger repression of the cg3195 promoter than the addition of 10 mM 368 cAMP to the medium supports the conclusion made above that cAMP uptake into C. throughput by flow cytometry. Cells with differing cAMP levels and therefore differing eYFP 374 fluorescence could be clearly distinguished and isolated using FACS. Even in the case of a 375 mixture of wild type and ∆cyaB mutant, where the two populations overlap, more than 90% of 376 the cells sorted using a suitable gate proved to belong to the desired mutant strain (Fig. 6) as carbon source and cells from the mid-exponential growth phase (4-5 h) were used for 601 FACS analysis. 100 000 cells of each mixture were analyzed prior to the sorting. Gate P2 was 602 used to select for ΔcyaB mutant cells, gate P3 was used to sort for ΔcpdA cells. 603
